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Spillover-Mediated Transmission at Inhibitory
Synapses Promoted by High Affinity a6 Subunit
GABAA Receptors and Glomerular Geometry
synapses. Spillover of transmitter introduces a diver-
gence of information flow superimposed on that produced
by divergence in the wiring of synaptic connections.
In the case of glutamate, it may also have significant
implications for our understanding of the mechanisms
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of synaptic plasticity (Kullmann et al., 1996; Malenka
and Nicoll, 1997).
Although a modulation of excitatory transmission by
Summary
GABA spillover has been observed in the hippocampus
(Isaacson et al., 1993), little is known about whether
Divergence and convergence of synaptic connections spillover-mediated transmission occurs at inhibitory syn-
make a crucial contribution to the information pro- apses. We therefore studied inhibitory transmission at
cessing capacity of the brain. Until recently, it was a synapse that seems anatomically specialized to pro-
thought that transmitter released at a synapse af- mote spillover: the Golgi cell to granule cell synapse in
fected only a specific postsynaptic cell. We show here the cerebellar cortex (Figures 1A and 1B), which has
that spillover of inhibitory transmitter at the Golgi to been suggested to play a key role in regulating informa-
granule cell synapse produces significant cross-talk tion processing by the cerebellum (Marr, 1969). This
to non-postsynaptic cells, which is promoted both by synapse is localized within a glomerulus (HaÂ mori and
the anatomical specialization of this glomerular syn- SzentaÂ gothai, 1966; Jakab and HaÂmori, 1988; Jakab,
apse and bythe presence of thehigh affinity a6 subunit- 1989). Each glomerulus is centered on the large, axonal
containing GABAA receptor in granule cells. Cross-talk terminal of a glutamatergic mossy fiber afferent. The
is manifested as a novel slow rising and decaying small mossy fiber terminal is surrounded by granule cell den-
amplitude inhibitory postsynaptic current (IPSC) that drites that arise from 50±60 distinct granule cells, each
can also contribute a long-lasting component to more of which sends a single dendrite to each glomerulus.
typical IPSCs, which is prolonged by inhibition of the Intermingled with, but somewhat more peripheral to,
this granule cell dendrite corona are numerous Golgineuronal GABA transporter GAT-1. Because of the
cell axon terminals that form GABAergic synapses withlong duration of IPSCs generated by spillover, the total
the granule cell dendrites. This mesh of dendritic andcharge carried is three times that of IPSCs generated
axonal processes is wrapped by a glial sheath. GABAby directly connected terminals. GABA spillover within
released at Golgi to granule cell synapses is probablythe mossy fiber glomerulus may play an important role
confined within the glomerulus by the glial sheath, andin regulating the number of granule cells active in the
removed by uptake into Golgi cell terminals and intocerebellar cortex, a regulation that is suggested by
the glial cell(s) ensheathing the glomerulus (Itouji et al.,theoretical models to optimize cerebellar information
1996). Thus, any GABA escaping from the synaptic cleftprocessing.
is likely to encounter GABA receptors on other granule
cell dendrites within the glomerulus, especially because
GABA receptors are known to be expressed both in
Introduction postsynaptic and extrasynaptic locations within the glo-
merulus (Nusser et al., 1995, 1996, 1998). This anatomi-
It has been a dogma in our understanding of neuronal cal constraint, combined with the fact that granule cells
information processing that the ªfastº neurotransmit- are the only cells expressing the a6 subunit of the GABAA
tersÐglutamate, acetylcholine, GABA, and glycineÐ receptor, which endows receptors with an affinity for
mediate communication between neurons only at spe- GABA that is an order of magnitude higher than the
cific synaptic sites. Transmitter action is thought to be more generally occurring a1 subunit (Ducic et al., 1995;
localized spatially by geometrical factors or by uptake Saxena et al., 1996), provides a potent basis for spill-
of transmitter into neurons or glial cells (Isaacson et al., over-mediated inhibitory cross-talk within the glomeru-
1993; Barbour et al., 1994; Clements, 1996; Asztely et lus. Although spillover has not been directly demon-
al., 1997; Takahashi et al., 1997). Recently, however, it strated, recent observations of a tonic, TTX-sensitive
has been suggested that glutamate released from one GABA-mediated current in granule cells were interpre-
presynaptic neuron can spill over and activate receptors ted in terms of GABA accumulation in the glomerulus
that are anatomically postsynaptic to a different presyn- (Wall and Usowicz, 1996, 1997; Brickley et al., 1996).
aptic neuron or that occupy extrasynaptic locations on Here, we analyze spontaneous and evoked IPSCs at
the postsynaptic neuron (Kullmann et al., 1996; Barbour this synapse, show that cross-talk does indeed occur,
and investigate the role of GABA transporters in limitingand HaÈ usser, 1997; Asztely et al., 1997). Receptor activa-
the extent of cross-talk.tion by the relatively low transmitter concentration pro-
duced by spillover is particularly likely to occur when
Resultsthe receptors have a high affinity for the transmitter,
as is the case for NMDA receptors at glutamatergic
Initially, we describe the basic properties of Golgi cell
to granule cell transmission, some of which have not
been reported previously. We then present a detailed*To whom correspondence should be addressed.
Neuron
784
Figure 1. GABAergic Transmission at the
Golgi Cell to Granule Cell Synapse
(A) Schematic diagram of the preparation.
Patch-clamp recordings were made from
granule cells (gc) in 200 mm thick cerebellar
slices. Granule cells are innervated by excit-
atory (1) glutamatergic mossy fibers (mf) and
inhibitory (-) GABAergic Golgi cell (Go) axons
in the glomerulus (circle). Granule cell axons
form the parallel fibers (pf). The stimulating
electrode (Stim) was positioned in the granule
cell layer close (,150 mm) to the recorded
granule cell.
(B) Black and white reversed image of a gran-
ule cell filled with Lucifer yellow from the pi-
pette. Arrow points to the ascending axon.
Arrowhead points to one of the four den-
drites.
(C and D) Continuous recordings illustrating
that spontaneous synaptic currents were
abolished by 10 mM bicuculline (C) and by 1
mM tetrodotoxin (D).
(E) Mean I-V relationship for the peak sponta-
neous synaptic current reverses at 1.4 6 0.9
mV in six cells (ECl2 5 0.5 mV). The inset
shows spontaneous IPSCs from one cell at
potentials from 263 mV to 37 mV (20 mV
steps), aligned on their rising phase. The
10%±90% decay time was voltage depen-
dent, being 42 6 2.5 and 75 6 7.4 ms (p ,
0.05, n 5 6) at 263 and 37 mV, respectively.
Values are corrected for the liquid junction
potential.
(F and G) Evoked synaptic currents were
abolished by 10 mM bicuculline (F) and by 1
mM tetrodotoxin (G).
(H) I-V relationship for the peak evoked IPSC
reverses at 20.9 6 2.7 mV in three cells
(ECl2 5 0.5 mV). The inset shows eIPSCs from
one cell at potentials from 263 mV to 137
mV (20 mV steps). The 10%±90% decay time
was 61 6 8.4 and 160 6 47.7 ms (p . 0.05,
n 5 3) at 263 and 37 mV, respectively. The
stimulation artifactwas blanked on the eIPSC
traces. Values are corrected for the liquid
junction potential.
analysis of the kinetics of transmission and demonstrate Evoked Inhibitory Postsynaptic Currents
IPSCs could also be evoked by electrical stimulation inthe importance of GABA spillover.
the granule cell layer (Figures 1A and 1F±1H). Evoked
IPSCs (eIPSCs) had a pharmacology and voltage depen-Properties of Spontaneous Inhibitory
Postsynaptic Currents dence similar to that of the sIPSCs (Figures 1F±1H); they
displayed linear current±voltage relations (Figure 1H),Recordings made from granule cells in 200 mm cerebel-
lar slices from 12-day-old rats display spontaneous in- reversed at 20.9 6 2.7 mV (n 5 3), and were abolished
by 10 mM bicuculline (n 5 45; Figure 1F) or 1 mM TTXward currents at a holding potential of 260 mV (Figures
1C and 1D; see also Puia et al., 1994; Kaneda et al., (n 5 14; Figure 1G).
1995; Brickley et al., 1996; Wall and Usowicz, 1997).
These currents occurred at frequencies ranging from Kinetic Properties of Evoked and
Spontaneous IPSCs0.02±2.3 Hz (mean 5 0.5 6 0.06 Hz, n 5 61). With near
equimolar Cl2 inside and outside of the cell (ECl2 5 0.5 Both sIPSCs and eIPSCs had a rapid rise time (10%±
90% rise time 5 0.5 6 0.02 ms, n 5 30 cells and 1.4 6mV), the currents displayed linear current±voltage rela-
tions and reversed at 1.4 6 0.9 mV (n 5 6; Figure 1E). 0.1 ms, n 5 20 cells, respectively, p , 0.05) and decayed
with a time course described by the sum of either twoThe spontaneous inward currents were abolished by the
bath application of either 10 mM bicuculline (n 5 53; or three exponentials (Table 1). Because it is difficult to
compare waveforms fit with the sum of two and of threeFigure 1C) or 1 mM TTX (n 5 8; Figure 1D) and thus
represent the spontaneous action potential±dependent exponentials, we present comparisons of IPSC decay
in different cells in terms of the 10%±90% decay time.release of GABA from Golgi cells onto granule cells.
These currents will be referred to as spontaneous inhibi- The decay of the eIPSC was 2.52-fold slower (p , 0.05)
than the sIPSC in the same cell (sIPSC 10%±90%tory postsynaptic currents (sIPSCs).
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Table 1. Parameters Describing the Decay Phrase of the IPSCs
t1 (ms) A1 (pA) t2 (ms) A2 (pA) t3 (ms) A3 (pA) A1 (%) A2 (%) A3 (%) n
sIPSCs 225.9 6 6.1 12.9 6 1.3 259.0 6 12.2 62.4 6 6.2 223.0 6 4.9 68 6 5 32 6 5 18
3.7 6 0.4 15.9 6 1.5 254.3 6 8.1 91.8 6 12.5 211.1 6 2.2 27 6 3 60 6 2 13 6 2 12
eIPSCs 240.4 6 10.5 29.0 6 5.6 270.9 6 10.7 198.0 6 29.8 232.5 6 7.8 68 6 4 32 6 4 18
5.8 6 0.9 27.0 6 2.8 280.9 6 26.0 232.5 6 28.3 215.4 6 3.2 31 6 4 54 6 5 15 6 4 8
The fit with a double or triple exponential function was performed using the Simplex iterative fitting technique where tn and An are the time
constant and the amplitude, respectively, of each component (n). The number of exponentials was determined by eye or by choosing fits that
differed from the actual peak of the IPSC by less than 3%.
decay 5 46.1 6 4.4 ms; eIPSC, decay 5 116 6 15 ms, Estimation of the Number of Axon Terminals
Underlying the Fast and Slow eIPSCsn 5 19; Figures 2B and 2D). Although the eIPSC ampli-
tude was the same or larger than the sIPSC in every cell If the slow events arise from activation of distinct axons
remote from the recorded cell, then the total number of(mean values: 138 6 18.3 and 92 6 17.9 pA, respectively,
n 5 19, p 5 0.05; Figures 2A and 2C), there was no inputs (both direct and remote) capable of being acti-
vated during stimulation should exceed the number ofcorrelation between the difference in amplitude and dif-
ference in decay time in the same cell (r 5 0.26; data axon terminals directly connected to the recorded cell.
To examine this possibility, we used stimulus-intensitynot shown).
To explore the mechanisms of the difference in decay plots in order to determine the number of terminals un-
derlying the fast and slow rising eIPSCs. Figures 4A andrate in eIPSCs and sIPSCs, we examined the individual
responses underlying the average eIPSC (Figure 3). 4B show that the amplitude of the fast component of the
eIPSC increased in a stepwise fashion with increasingThere appeared to be three types of response to electri-
cal stimulation: (1) fast rising large amplitude responses stimulus strength. Each step represents the recruitment
of additional directly connected Golgi axon terminals.(Figures 3A and 3Ai) with a 10%±90% rise time of 1.7 6
0.2 ms, a peak amplitude of 87.0 6 12.5 pA, and a By comparing the failure rate of the fast and slow eIPSCs
(i.e., the number of occasions on which no fast IPSC or10%±90% decay time of 189 6 25 ms (n 5 12 cells); (2)
failures (Figure 3Aii); and (3) slow rising, small amplitude no slow IPSC occurred at all; see Experimental Proce-
dures), we estimate that with minimal stimulation (seeresponses that decayed very slowly (Figures 3A and
3Aiii), with a 10%±90% rise time of 30.2 6 9.6 ms, a Experimental Procedures; Stevens and Wang, 1994) the
ratio of remote to direct terminals was 1.2 6 0.4 (range 5peak amplitude of 17.3 6 2.7 pA, and a 10%±90% decay
time of 630 6 74.8 ms (n 5 12 cells). Because of the long 0±4, n 5 12). At higher stimulus intensities, this ratio
was 1.7 6 0.6 (range 5 0±5.5, n 5 10, p . 0.05). Theduration of the slow rising eIPSCs, the total amount of
charge carried is three times that of the sIPSC (Figure 3E). estimated ratio of terminal types activated correlated
However, even when separated in this fashion, the
fast rising, large amplitude evoked events (Figure 3Ai)
still decayed more slowly than the sIPSCs (Figure 3B). A
simple hypothesis to explain the data is that the evoked
postsynaptic currents are comprised of two discrete
events, either a slow rising and decaying component on
its own (as in Figure 3Aiii), or a fast rising and falling
IPSC (as seen occurring spontaneously) superimposed
on the slow component (as in Figure 3Ai). Consistent
with this hypothesis, mathematical subtraction of the
slow rising eIPSC component from the fast rising eIPSC
resulted in a waveform with an amplitude (84 6 7.0 pA),
decay time (49.8 6 10.4 ms), and area (1.8 6 0.9 pC)
similar (p . 0.05 for all three values) to those of the sIPSC
(n 5 4; Figures 3C±3E). While both types of response
were blocked by either bicuculline (Figure 1F) or TTX
(Figure 1G), neither response was blocked by glutamate
or glycine receptor antagonists (data not shown).
The time to half peak of the slow component (as in
Figure 3Aiii) was 6.8 6 2.4 ms (n 5 10), which is consis-
tent with diffusion of GABA from a source (equation 1,
Experimental Procedures) at a distance comparable
Figure 2. The eIPSC Decays More Slowly than the sIPSCwith the diameter of a glomerulus (5±6 mm). This sug-
(A and B) The average of 50 sIPSCs and 65 eIPSCs from the samegests that the slow events might reflect activation of
cell are overlaid in (A) and the sIPSC is scaled to the peak amplitudeGABAA receptors by spillover of GABA released from
of the eIPSC in (B) to emphasize the difference in decay rate. Thenearby, but not directly connected, Golgi axon terminals
stimulation artifact was blanked on the evoked synaptic current
(For convenience, we refer to such terminals as remote traces.
and those making direct synaptic contact with the post- (C and D) The mean peak amplitude (C) and 10%±90% decay time
synaptic cell as direct). In the following section, we de- (D) of the sIPSC and eIPSC in 20 granule cells. Error bars represent
SEM.scribe experiments designed to test this hypothesis.
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Figure 3. The eIPSC Is Composed of Two Ki-
netically Distinct Current Components
(A) Electrical stimulation can evoke different
current responses in the same cell. At the
top, the plot of peak amplitude versus the
10%±90% rise time shows two distinct popu-
lations of eIPSC (squares and circles) in the
same cell. In addition to failures ([ii], 6 out of
200 responses, shown as an average of the
6 failure responses here), stimulation evoked
fast rising currents (circles; 137 of 200 re-
sponses, shown as an average of the 137 in
[i]) and slow rising currents (squares; 57 of
200 responses, shown as the average of the
57 in [iii]). Insets show the same response
at a slower time scale to show that they do
eventually decay back to baseline. Calibra-
tion bars, 20 pA and 500 ms.
(B) The two types of response (i and iii) are
shown superimposed on the averaged sIPSC
in the same cell.
(C) The waveform, generated by mathemati-
cal subtraction of the isolated slow rising
eIPSC (iii) from the isolated fast rising eIPSC
(i), is superimposed on the averaged sIPSC.
(D and E) Bar charts display the mean (6SEM)
10%±90% decay time (D) and area (E) of the
isolated fast rising eIPSC (i), the isolated slow
rising eIPSC (iii), the average of the sIPSC,
and the waveform resulting from the mathe-
matical subtraction (as in [C]) of the isolated
slow rising eIPSC from the isolated fast rising
eIPSC (i±iii) in the same cell (n 5 4 cells).
Arrowheads in (A) through (C) indicate the
time of stimulation. The stimulation artifact
was blanked on the evoked synaptic current
traces.
well (p , 0.05, Spearman's rank correlation test) with sensitivities to benzodiazepines and furosemide. Diaze-
pam has been shown to potentiate selectively a1-con-the difference in decay rates for the eIPSC and sIPSC
measured in the same cell (Figures 4C and 4D). Using taining receptors (relative to a6-containing receptors;
Saxena and MacDonald, 1996), whereas a6-containingthe number of discrete steps in the stimulus-intensity
response curves for the fast component of the eIPSC receptors are selectively inhibited by furosemide (Korpi
et al., 1995). We used these compounds to examine the(Figure 4B) as an indicator of the number of direct termi-
nals, and the ratio of remote terminals to direct terminals contribution of different receptor subtypes to the fast
and slow IPSCs.to estimate thenumber of remote terminals, we calculate
that at maximal stimulus strengths a total of 7.2 6 1.4 Diazepam (500 nM) did not affect the peak amplitude
of either the sIPSC or eIPSC (Wp . 0.05, n 5 7) but(in n 5 12 granule cells) direct and remote terminals
were activated. This represents the lower limit to the significantly increased the 10%±90% decay time of both
(1.43- 6 0.14-fold, n 5 6, Wp , 0.05, and 1.44- 6 0.18-total number of terminals influencing a single granule
cell. These calculations will be related to the known fold, n 5 7, Wp , 0.05, respectively; Figure 5A). In both
cases, the prolongation reflected changes to early com-anatomy of Golgi to granule cell synapses in the Dis-
cussion. ponents of the current decay (Figure 5A). This prolonga-
tion of decay without an effect on the peak of the IPSC
is consistent with an increase of the affinity of the recep-Differential Modulation of Fast and Slow
IPSCs by Subunit-Specific Compounds tor for GABA and the receptors being saturated at the
peak (Otis and Mody, 1992).In adult rats, cerebellar granule cells express mRNA for
nine different GABAA receptor subunits (Laurie et al., Furosemide (100 mM) did not affect the peak ampli-
tude of either the sIPSC or the eIPSC (Wp . 0.05, n 51992; Persohn et al., 1992), but the most common recep-
tors expressed are thought to be those containing a1 and 7; Figure 5B). While furosemide did not affect the rate
of decay of sIPSCs, it did significantly reduce the 10%±a6 subunits (Quirk et al., 1994). The a1 and a6 subunits of
the GABAA receptor confer different pharmacological 90% decay time of the eIPSC (by 51% 6 6.5%, n 5 7,
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Figure 4. Estimation of the Number of Axon
Terminals Underlying the Fast and Slow
eIPSCs
(A) Averaged eIPSC (50 responses) at varying
stimulus intensities.
(B) Mean peak eIPSC amplitude versus stimu-
lus intensity (same cell as in [A]).
(C) Some examples of averaged sIPSC and
eIPSC in two different cells with different cal-
culated ratios of remote to direct terminals
(see Experimental Procedures). The sIPSC
and eIPSC have been scaled to the same
peak amplitude to demonstrate the differ-
ence in decay rates. (i) shows an sIPSC and
an IPSC evoked at minimal stimulus strength.
(ii) and (iii) come from a different cell, and
show the sIPSC overlaid with an IPSC evoked
at two different stimulus strengths ([ii] being
at minimal stimulus strength and [iii] being
stronger).
(D) Plot of the difference in the 10%±90%
decay time between the eIPSC and the sIPSC
versus the calculated ratio of axon terminals
underlying the slow and fast eIPSCs. The plot
is derived from 10 different cells at both mini-
mal stimulus strength andat the highest stim-
ulus strength that still allowed the calculation
to be performed (see Experimental Proce-
dures).
Wp , 0.05; Figure 5B). This decrease in decay time do this, we used SKF 89976-A, a selective antagonist
for the GABA transporter GAT-1 that is not transportedreflected changes to later components of the current
decay (Figure 5B). It appears, therefore, that the slow by GAT-1 and thusdoes not promote release of GABA by
heteroexchange (Larsson et al., 1988; Solis and Nicoll,component of the IPSC is generated by a6-containing
GABAA receptors. Indeed, in three cells where greater 1992). In the cerebellum, GAT-1 is concentrated in the
Golgi axon terminals (Itouji et al., 1996). Consequently,than 90% of the responses were slow IPSCs in isolation,
they were inhibited by furosemide (peak reduced by SKF 89976-A will specifically block GABA reuptake into
the terminals that release it. Application of SKF 89976-A48.8% 6 7.1%, p , 0.05; Figure 5B, inset).
Taken together, these results suggest that the fast rising (100 mM) produced a small, tonic inward current (5 6 1
pA, n 5 8; data not shown, but see Hamann and Rossi,and decaying component of IPSCs, whether evoked or
spontaneous, is mediated largely by receptors with a1 1997, and Wall and Usowicz, 1997) and an increase of
current noise but did not affect the amplitude or kineticssubunit pharmacology, whereas the additional slow
evoked component (Figure 3Aiii and inset, Figure 5B) is of sIPSCs (n 5 10, p . 0.05; Figure 6A). SKF 89976-A
did, however, affect the eIPSCs. The eIPSC amplitudemediated by receptors with a6 subunit pharmacology.
was significantly decreased (by 31% 6 3.2%, n 5 11,
p , 0.05; Figure 6B) and its decay was significantlyThe Neuronal GABA Transporter Antagonist
SKF 89976-A Prolongs the Decay prolonged by SKF 89976-A (1.41- 6 0.22-fold, n 5 11,
p , 0.05; Figure 6B). The increase in decay was dueof eIPSCs but Not sIPSCs
Next, we examined the role of GABA reuptake in shaping entirely to a prolongation of the time constant of the
slowest component of a double or triple exponential fitthe various components of IPSCs described above. To
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Figure 5. Diazepam and Furosemide Differ-
entially Modulate the Fast and Slow Compo-
nents of IPSCs
(A) Representative data traces showing the
effect of 500 nM diazepam (DZ) on the sIPSC
(left) and the eIPSC (middle) in the same cell.
The mean percent change in amplitude and
10%±90% decay time produced by diazepam
is shown at right (n 5 5 for eIPSC, n 5 6 for
sIPSC). The prolongation of the sIPSC was
reflected by a 2.24 6 0.52 (Wp , 0.05) and
1.54 6 0.21 (Wp , 0.05) -fold increase in t1
and t2, respectively in a triple exponential fit.
None of the other parameters of the fit were
significantly affected. The prolongation of the
eIPSC was reflected by a 1.18- 6 0.07-fold
increase (Wp , 0.05) in the relative amplitude
of t1. None of the other parameters of the fit
were significantly affected.
(B) Representative data traces showing the
effect of 100 mM furosemide (FUR) on the
averaged sIPSC (left) and eIPSC (center) in
the same cell. The inset shows the effect of
furosemide in a different cell that had pre-
dominantly isolated slow rising eIPSCs (scale
bar, 10 pA and 100 ms). The mean percent
change in amplitude and 10%±90% decay
time produced by furosemide is shown at
right (n 5 7 for eIPSC, n 5 10 for sIPSC). The
asterisk (*) indicates significance (Wp , 0.05)
as assessed by a Wilcoxon matched pairs
test. The decreased decay time of the eIPSC was reflected by a significant decrease (42.2% 6 12.9%; Wp , 0.05) of the slowest t value, t3.
None of the other parameters of the fit were significantly affected.
(t3 was increased 2.29- 6 0.31-fold, n 5 10, p , 0.05), temperatures (358C±378C) and from adult cerebellum (35
days old). At 358C±378C, electrical stimulation reliablyand the magnitude of the prolongation was proportional
to the initial decay rate (r 5 0.89, p , 0.05, Spearman's (in 10 of 11 cells tested) evoked slow rising (10%±90%
rise time 5 27.0 6 8.2 ms), small amplitude (20.6 6 3.0rank correlation test; Figure 6C). None of the other pa-
rameters of the two- or three-exponential fit were signifi- pA) IPSCs that were blocked by 10 mM bicuculline (data
not shown). Further, the decay of the composite eIPSCcantly affected. These results demonstrate that neuronal
GABA uptake is a rate-limiting factor in the removal of was prolonged by application of 100 mM SKF 89976-A
(10%±90% decay time increased by 50.0% 6 20.9%,GABA during the slow component of the eIPSCs.
Wp , 0.05, n 5 6; data not shown) and shortened by
application of 100 mM furosemide (10%±90% decay timeSpontaneous GABAergic Spillover
decreased by 55.7% 6 12.2%, Wp , 0.05, n 5 5; dataIf the slow rising eIPSCs are due to release of GABA
not shown). Granule cells in adult cerebellar slices alsofrom remote terminals activated by electrical stimulation
exhibited slow rising (10%±90% rise time 5 16.4 6 4.5and remote terminals have the same release properties
ms, n5 6), small amplitude (18.2 6 2.8, n 5 6) eIPSCsas direct terminals, then slow rising IPSCs might be
which were blocked by either 10 mM bicuculline (six ofexpected to occur spontaneously. Slow rising sIPSCs
six cells) or 1 mM TTX (three of three cells). These resultswere observed in some cells (Figure 7A) but were gener-
strengthen the case that transmission mediated byally difficult to discriminate amid the tonic GABAA recep-
GABAergic spillover will occur in adults in vivo.tor-mediated noise seen in most cells (Figure 7B; see
also Puia et al., 1994; Kaneda et al., 1995; Brickley et
al., 1996; Wall and Usowicz, 1997). In four cells where Discussion
slow rising spontaneous IPSCs could beclearly resolved
(Figure 7A), they had a mean 10%±90% rise time of Evoked IPSCs Have Two Components Mediated
12.3 6 2.6 ms, a peak amplitude of 10.5 6 1.9 pA, and by Different GABAA Receptor Subtypes
a 10%±90% decay time of 279 6 27.6 ms. The slow To date, analysis of inhibitory transmission from Golgi
rising sIPSCs occurred at a similar frequency to the fast cells to granule cells has focused solely on spontaneously
rising sIPSCs in the same cell (frequency 5 0.20 6 0.06 occurring IPSCs (Puia et al., 1994; Kaneda et al., 1995;
Hz and 0.49 6 0.27 Hz, respectively, p . 0.05). Brickley et al., 1996; Tia et al., 1996a; Wall and Usowicz,
1997). We show here that evoked IPSCs (eIPSCs) decay
much more slowly than spontaneous IPSCs (sIPSCs). ThisGABAergic Spillover at Physiological
Temperatures and in Adult Tissue is due to eIPSCs being the sum of slow rising and de-
caying, small amplitude responses with rapidly risingTo determine if the principles uncovered here apply
more generally to the function of the glomerulus in vivo, and decaying, large amplitude events that occur spon-
taneously (Figure 3). As both responses are completelywe also recorded from granule cells at physiological
Transmission Via GABA Spillover at a Cerebellar Synapse
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Figure 6. The Neuronal GABA Transporter
(GAT-1) Blocker, SKF 89976-A, Prolongs the
Decay of the eIPSC but Not of the sIPSC
(A) SKF 89976-A does not affect the sIPSC.
Specimen traces showing the lack of effect of
100 mM SKF 89976-A (SKF) on the averaged
sIPSC ([Ai], Top). Traces scaled to the same
peak amplitude to compare decay rates ([Ai],
Bottom). Mean change in peak amplitude and
10%±90% decay time produced by SKF
89976-A (n 5 10) (Aii).
(B) SKF 89976-A (100 mM) affects the eIPSC.
Specimen traces showing the effect of 100
mM SKF 89976-A (SKF) on the peak amplitude
of eIPSC ([Bi], Top). Traces scaled to the
same peak amplitude to show the prolonga-
tion of the decay ([Bi], Bottom). Mean change
in the amplitude and 10%±90% decay time
produced by SKF 89976-A (n 5 11) (Bii). The
asterisk (*) indicates significance (p , 0.05)
as assessed by a Student's t test.
(C) Plot of the percent change in t3 (the slow-
est time constant of the exponential fit) pro-
duced by 100 mM SKF 89976-A versus the
initial value of t3.
abolished by either bicuculline or TTX, they both rep- receptor properties unique to cerebellar granule cells,
(3) slow release of low concentrations of GABA throughresent action potential-dependent release of GABA
onto granule cells. Experiments with subunit-specific a narrow preexocytotic fusion pore (as has been sug-
gested to occur in nonneuronal secretory cells; Chowmodulators demonstrate that the slow eIPSCs are gen-
erated largely by a6 subunit-containing GABAA recep- et al., 1992; Zhou et al., 1996), or (4) GABA spillover from
neighboring but not directly connected axon terminals.tors, whereas the fast eIPSCs are generated by a1-con-
taining receptors (Figure 5; Korpi et al., 1995; Saxena We favor the GABA spillover hypothesis for the reasons
presented below.and MacDonald, 1996). While granule cell sIPSCs re-
ported here (see also Puia et al., 1994; Kaneda et al., Cable Properties
Because of their small size and restricted dendritic field1995; Brickley et al., 1996; Wall and Usowicz, 1997) are
similar in pharmacological and kinetic properties to (Figure 1B), granule cells are extremely electrically com-
pact. Modeling suggests that granule cell cable proper-GABAergic IPSCs seen in other cell types throughout
the brain (Edwards et al., 1990; Otis and Mody, 1992; ties produce very little distortion of synaptic currents
(Silver et al., 1992, 1996; Gabbiani et al., 1994). Even ifVincent et al., 1992; Pearce, 1993; Llano and Gerschen-
feld, 1993; Salin and Prince, 1996), the slow rising small some distortion were to occur, the fact that all of the
known synapses onto granule cells occur at the distalamplitude eIPSCs are novel.
tips of their dendrites, which are of similar length and
caliber, means that all synaptic currents should be simi-Mechanisms of the Slow IPSC Component
There are several plausible mechanisms that could un- larly distorted. Thus, it is unlikely that distortion of cur-
rents by cable propagation can account for theobservedderlie these slow IPSCs: (1) distortion of fast synaptic
currents by cable properties of the cell, (2) novel GABAA difference inkinetics of the twocomponents of the IPSC.
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Figure 7. Schematic Representation of Spill-
over at the Golgi Cell to Granule Cell Synapse
(A) Continuous recording illustrates sponta-
neous slow rising, small amplitude IPSCs (ar-
rowheads) as well as more typical sIPSCs in
the same cell. The average of 25 of the former
events is shown in the inset (scale bar, 4 pA
and 50 ms).
(B) Tonic GABAA receptor-mediated conduc-
tance is blocked by 10 mM bicuculline.
(C) Within the glomerulus (enlarged in the
three panels), Golgi cell axon terminals (Go)
form synapses with granule cells (gc). Fast
rising IPSCs are produced by release of
GABA from directly connected Golgi axon
terminals. This can occur spontaneously as
at left or when evoked by electrical stimula-
tion as shown at right (black inset). Electrical
stimulation also evokes GABA release from
remote terminals which spills out and gener-
ates the slow decaying tail of the eIPSCs
(compare decay rates of the sIPSC and the
eIPSC shown at left and right, respectively;
scale bar, 100 ms and 20 pA). In the absence
of release from directly connected terminals,
release of GABA from remote terminals gen-
erates slow rising small amplitude IPSCs.
This occurs in response to electrical stimula-
tion when the direct terminal fails to release
(gray inset, right) and can also occur spon-
taneously (inset, bottom). Fast rising IPSCs
are generated by activation of a1-containing
GABAA receptors in the postsynaptic mem-
brane of the granule cell. Slow rising IPSCs
are generated by extrasynaptic high affinity
a6-containing GABAA receptors which sense
low concentrations of GABA spilling out of
remote synapses. The arrowhead points to the
dendrite of the granule cell being recorded.
Receptor Properties A Low and Slow [GABA] Rise
An alternative possibility is that in a subset of synapses,Our data show clearly that the fast and slow IPSCs are
largely generated by distinct GABAA receptor subtypes lower concentrations of GABA are released into the cleft.
At lower concentrations of GABA, both hippocampal(Figure 5). Could inherently different kinetic properties
of these distinct receptor subtypes account for the dif- and cerebellar GABAA receptors display significantly
slower activation kinetics (Maconochie et al., 1994;ferent IPSC waveforms? There have been numerous
studies of recombinantly expressed GABAA receptors Jones and Westbrook, 1995). However, if we compare
the average activation rate of our slow IPSCs with thewith different subunit combinations. These studiesshow
that different subunit combinations impart distinct phar- dose-response curve for granule cell GABAA receptor
activation rates of Maconochie et al. (1994), we find thatmacological and kinetic properties to the receptor (Korpi
et al., 1995; Saxena and MacDonald, 1996; Tia et al., our slow eIPSC activation rate would be generated by
a concentration of 10 mM, a dose of GABA that produces1996b; Wisden et al., 1996; Zhu et al., 1996). However,
none of these subunit combinations result in GABAA a nearly maximal response amplitude (but not a maximal
onset rate). Therefore, to account for both the smallreceptors with slow activation kinetics. In fact, all of the
combinations most likely to occur in cerebellar granule amplitude of the slow component relative to the fast
one, and the slow onset of the slow eIPSCs, we wouldcells (e.g., a1bxg2, a6bxg2, and a6bxd in adult) display rapid
activation kinetics despite having different affinities and have to propose a small number of receptors as well
as a low peak GABA concentration. Furthermore, lowpharmacological sensitivities (Ducic et al., 1995; Korpi
et al., 1995; Saxena and MacDonald, 1996; Tia et al., concentrations of GABA are not expected to generate
longer decay times (Maconochie et al., 1994; Jones and1996b). Further, at concentrations of GABA thought to
be released into the synaptic cleft, the activation kinetics Westbrook, 1995). Therefore, the most likely explanation
of the slow rise and decay time of the slow eIPSCs isof endogenous GABAA receptors in granule cell patches
are rapid (Maconochie et al., 1994). that the GABA concentration that produces them rises
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and falls with a prolonged time course. This is further spontaneous, TTX-sensitive GABA release onto granule
cells were interpreted in terms of GABA accumulationsupported by the prolongation of decay time produced
by blocking GABA uptake (Figure 6). Although it has in the glomerulus (Wall and Usowicz, 1996, 1997; Brick-
ley et al., 1996).been suggested that transmitter can be released slowly
from a preexocytotic fusion pore in the absence of full
vesicular fusion (Chow et al., 1992; Zhou et al., 1996),
The Number of Direct and Remote Inputsrecent calculations based on the conductance of chro-
to Each Granule Cellmaffin cell fusion pores suggest that most of the con-
The granule cells from which we recorded had one totents of the much smaller synaptic vesicle would be
eight dendrites (mean 5 3.0 6 0.22, n 5 42; Figure 1B).released in less than 1 ms (Albillos et al., 1997).
In the adult rat cerebellum, each granule cell dendriteSpillover
receives 2.6 6 0.55 synaptic contacts from Golgi axonFinally, two analytical diffusion models (Crank, 1975;
terminals (Jakab and HaÂ mori, 1988). These numbers im-Barbour and HaÈ usser, 1997; see Experimental Proce-
ply that each granule cell is contacted, at most, by adures) predict that for distances of the order of the
mean of 7.8 distinct Golgi axons. This number would beglomerulus radius (z2.5 mm) GABA will spill over at con-
less if any of the 2.6 synaptic contacts are from thecentrations sufficient to activate a6-containing recep-
same Golgi axon and may be further reduced if thetors. Estimates of vesicular transmitter content range
number of Golgi cell±granule cell synapses is somewhatfrom 1000 molecules for GABA, through 2000 molecules
less in the 12-day-old rat than we have used in this studyfor glutamate, to 7500 molecules for acetylcholine (Ed-
(HaÂ mori and Somogyi, 1983). Based on the number ofwards, 1995). If we assume 1000 GABA molecules are
steps in our stimulus intensity response curves and thereleased into an infinite disc of 20 nm thickness, then 6
estimated ratio of remote to direct axon terminals, wems (the half rise time of the slow eIPSCs) after release
found that at maximal stimulus intensities 7.2 6 1.4the concentration of GABA will still be 1 mM (the EC50
distinct (direct and remote) inputs were stimulated (Fig-of a6-containing receptors; Saxena and MacDonald,
ure 4). This should be viewed as an underestimate of1996) at a radius of 2.6 mm (from equation 2 of Experi-
the total number of direct and remote inputs to a singlemental Procedures). However, the model of the extracel-
granule cell, for the following reasons. First, we werelular space as an infinite disk becomes less accurate as
unable to calculate the ratio of remote to direct inputsmore branch points are added to the diffusional path.
at maximal stimulation intensities due to the lack of fastSince any extracellular path across the glomerulus will
IPSC failures. If we extrapolate to maximal stimulationhave multiple branch points, we also used the analytical
intensities by assuming that the ratio of remote to directsolution for diffusion in a three-dimensional porous me-
inputs stays the same (as it did at minimal and higherdium (equation 3; Crank, 1975; Barbour and HaÈusser,
stimulus intensities; Figure 4D), then with a remote to1997). This predicts that by 6 ms after release, at a
direct ratio of 1.7 the total number of direct and remotedistance of 2.6 mm, the GABA concentration will be
terminals is calculated to be 8.9 6 2.0. Further, because679 nM. This concentration of GABA would produce
the granule cell dendrites are symmetrically distributed16%±81% of themaximal possible response for the vari-
around the cell soma, it is likely that at maximal stimulusous a6-containing GABAA receptors while producing only
intensities (beyond which cell disruption occurs) we do0%±2% of the maximal response for a1-containing re-
not stimulate all of the available inputs. Thus, the totalceptors (as determined from the dose-response curves
number of axon terminals that give rise to fast and slowfor recombinantly expressed GABAA receptors; Saxena
IPSCs probably exceeds the number of axon terminalsand MacDonald, 1996). Although the distance GABA
directly connected to a single granule cell. This discrep-diffuseswill be reduced by binding toGABA transporters
ancy can best be accounted for by the spillover hypothe-in the presynaptic terminal (Itouji et al., 1996; Barbour
sis (Figure 7).and HaÈ usser, 1997), there are numerous granule cell
dendrites even within 1 mm of a given Golgi-granule cell
synapse (HaÂmori and SzentaÂgothai, 1966; Jakab and
Spontaneous GABAergic SpilloverHaÂ mori, 1988; Jakab, 1989). Furthermore, if we take the
If each granule cell has roughly equal numbers of remotehigher estimate of 7500 transmitter molecules per vesi-
and direct terminals to which it can respond (Figure 4D),cle, by 6 ms after release even the cleft concentration
and if remote terminals have similar release propertiesright at the release site will have dropped below 13
to those of directlyconnected terminals, then an obviousmM (from equation 2), the approximate EC50 for several
prediction of our model is that slow rising IPSCs gener-different a1-containing receptors (Saxena and MacDon-
ated by GABA spillover from remote terminals shouldald, 1996). These numbers fit well with our suggestion
occur spontaneously. Slow rising sIPSCs are indeedthat the slowly rising, long lasting eIPSCs are generated
observed (Figure 7A) but are relatively infrequent. Thereby GABA spilling over a distance comparable to the
are several reasons why this may be so. First, spilloverglomerular radius to activate receptors with a6 subunit
generated IPSCs, whether evoked (Figure 3Aiii) or spon-pharmacology. The fact that blocking neuronal GABA
taneous (Figure 7A), have a small peak amplitude anduptake prolongs the decay of the slow component of
slow rise time, making it difficult to discriminate confi-the eIPSC is also consistent with it being generated by
dently such events from the tonic conductances of thetransmitter spillover (Isaacson et al., 1993; Asztely et
cell (Figure 7B; see also Kaneda et al., 1995; Brickley etal., 1997). Consistent with the glomerular geometries'
al., 1996; Wall and Usowicz, 1997) when they are notcapacity to trap GABA released by electrical stimulation,
recent observations of a tonic current generated by time locked with an obvious marker like a stimulation
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artifact. Additionally, the tonic GABAA receptor-medi- Importance of the Neuronal GABA
Transporter GAT-1ated conductance of granule cells (Figure 7B), which
has been interpreted as GABA spillover because of its A high affinity neuronal GABA transporter (GAT-1) is
known tobe present in the cerebellar Golgi cell terminalssensitivity to TTX (Brickley et al., 1996; Wall and Uso-
wicz, 1997), may actually be multiple, asynchronously (Itouji et al., 1996). We found that the inhibition of neu-
ronal GABA uptake by SKF 89976-A did not affect spon-overlapping, small amplitude, long-lasting, spillover-
mediated IPSCs. taneous IPSCs (Figure 6A). A similar lack of effect on
miniature or spontaneous IPSCs was also observed in
hippocampal CA1 pyramidal cells (Thompson and GaÈ h-
Importance of the a6 Subunit wiler, 1992; Isaacson et al., 1993). In contrast, SKF
We suggest that when GABA is released from Golgi cells 89976-A prolonged the decay of the late phase of
into the Golgi cell-granule cell synaptic cleft, it activates evoked IPSCs in granule cells (Figures 6B and 6C). In
a1-containing GABAA receptors in the postsynaptic mem- the hippocampus, strong, repetitive stimulation of the
brane of the granule cell and generates a typical IPSC GABAergic afferents causes a spillover of GABA to
(Figure 7C, left; Edwards et al., 1990; Vincent et al., neighboring presynaptic excitatory terminals that acti-
1992; Otis and Mody, 1992; Pearce, 1993; Llano and vates high affinity GABAB receptors and thereby inhibits
Gerschenfeld, 1993; Salin and Prince, 1996). However, excitatory transmission (Isaacson et al., 1993). This ef-
unlike at other inhibitory synapses, as GABA diffuses fect is also enhanced by SKF 89976-A.
out of the synaptic cleft, it encounters other dendritic These findings suggest that, generally, when GABA
processes that contain high-affinity a6-containing GABAA is released by a single terminal its removal by diffusion
receptors, thus generating slow IPSCs in neighboring is rapid and the decay of the IPSC is determined by
cells (Figure 7C, right and bottom). channel kinetics. However, under conditions that pro-
One inconsistency with our data is that Nusser et al. mote spillover, such as those reported here or during
(1996) showed that the a6 subunit is concentrated in the repetitive stimulations in the hippocampus, GABA reup-
synaptic cleft and yet furosemide was without effect on take is an important factor in limiting the magnitude of
the fast rising IPSCs (Figure 5B; see also Puia et al., such spillover.
1994). This apparent discrepancy may arise from the In the glomerulus, blocking neuronal GABA uptake
differences in the age of the animals used. Nusser et al. with SKF 89976-A results in an accumulation of synapti-
(1996) studied adult rats, whereas we mainly studied cally released GABA at a concentration sufficient to acti-
12-day-old rats, an age at which the a6 subunit is just vate GABAA receptors and generate a tonic inward cur-
being expressed (Zheng et al., 1993; Varecka et al., rent (see Results; Wall and Usowicz, 1996, 1997). Thus,
1994). In fact, at older ages, furosemide does produce the decrease in amplitude of the eIPSC in the presence
a small block of sIPSCs (Tia et al., 1996a). Thus, a6 may of SKF 89976-A is likely due to either occupation or
initially be expressed at extrasynaptic sites and become desensitization of GABAA receptors, or both, or to a
concentrated in the synaptic cleft as development pro- decrease in release of GABA as a result of activation
ceeds. Spillovers still occur in the adult (see Results) of presynaptic GABAB receptors. If any combination of
and thus may result from GABA released at one synapse these actions occurs, then a similar decrease in ampli-
activating a6-containing receptors that either remain in tude of the sIPSC would be expected. While SKF
an extrasynaptic location or are postsynaptic at another 89976-A did decrease the mean amplitude of the sIPSC,
synapse nearby (Nusser et al., 1996). Alternatively, be- the decrement failed to reach significance (Figure 6A).
cause the d subunit is expressed only extrasynaptically This is probably because the SKF 89976-A±induced
(Nusser et al., 1998), spillover-generated IPSCs may be noise hinders detection of small sIPSCs that are not
mediated by GABAA receptors comprised of a6b3d sub- time locked with respect to some known marker like
units. Indeed, GABAA receptors containing these sub- a stimulation artifact for eIPSCs. Consequently, in the
units make up 23% of all the GABAA receptors found in presence of SKF 89976-A, the amplitude of the average
granule cells (Quirk et al., 1994) and have the highest sIPSC is probably an overestimate of the actual value
affinity for GABA (EC50 5 0.27 mM; Saxena et al., 1996). as the smallest events are excluded from the average.
Isaacson et al. (1993) showed that during high fre-
quency stimulation of hippocampal CA1 afferents GABA
can spill out of the synapse and activate GABAB recep- Functional Significance of Intraglomerular
GABA Spillovertors on neighboring presynaptic glutamatergic termi-
nals. However, activation of heterosynaptic GABAA re- From an anatomical perspective, the glomerulus seems
designed to promote heterosynaptic spillover of GABA.ceptors was not observed. Based on their model of
hippocampal CA1 GABAA receptors, Jones and West- We have shown that such spillover occurs. Although the
amplitude of the slow rising IPSCs is small (Figure 3A),brook (1995) suggested that entry into a monoliganded
desensitized state could attenuate responses to slowly the long duration of these events results in a total charge
transfer that is three times greater than that of the IPSCsrising, low concentrations of GABA and hence mask
responses to spillover of GABA. This mechanism may generated by directly connected terminals (Figure 3E).
Further, at a holding potential of 260 mV, the mean peakbe circumvented in the granule cell because the a6-
containing receptors have a higher affinity for GABA amplitude of isolated slow rising IPSCs was 17.3 6 2.7
pA. With the calculated reversal potential of 0.5 mV, this(and so are more likely to pass into the di-liganded state
which leads to channel opening) and do not readily de- corresponds to a peak conductance of 282 pS. Because
of the extremely compact size of granule cells (Figuresensitize (Tia et al., 1996b).
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internal solution containing (in mM): 140 CsCl, 4 NaCl, 0.5 CaCl2, 101B), a relatively small change in input conductance can
HEPES, 0.1 EGTA, 2 MgATP, and 0.5 NaGTP (pH 7.2). Lucifer yellowsignificantly alter the way in which they respond to excit-
(0.2%) was added to the internal solution to confirm visual identifica-atory inputs (Gabbiani et al., 1994; Brickley et al., 1996).
tion of granule cells (Figure 1B). In most experiments, QX-314 (10
In fact, Brickley et al. (1996) showed that blocking a mM) was added to the internal solution (with an equiosmolar reduc-
tonic GABAA receptor-mediated conductance of about tion of CsCl) to block sodium channels and GABAB receptor-modu-
lated potassium channels. Unless otherwise stated, the holding po-150 pS was enough to alter significantly the action po-
tential was 260 mV. Membrane currents were acquired at 10±20tential response to current injection. Therefore, even
kHz, filtered at 5±10 kHz, and analyzed with pClamp (v.6.3) softwareisolated GABA spillover-generated currents could alter
(Axon Instruments, Foster City, CA) and software written by Stephenthe input-output relationship of granule cells.
Traynelis (Emory University, Atlanta). Unless specified otherwise,
GABAergic synaptic inputs to the interneurons of the 20±100 events were averaged for analysis, and traces were filtered
cerebellar molecular layer can influence synaptic inte- at 1±2 kHz for display.
Borosilicate glass stimulating electrodes (resistance z1 MV) filledgration by changing the membrane time constant (HaÈ us-
with NaCl (1 M) were placed in the granule cell layer, near the granuleser and Clark, 1997), and models of cerebellar granule
cell being recorded (,150 mm), in a position that evoked a stablecells suggest a similar role for a tonic GABAergic input
response. Stimuli of 100±400 ms and varying voltage were used at(Gabbiani et al., 1994). With physiological intracellular
0.3 Hz to evoke IPSCs that were identified by their subsequent
solution (low chloride, potassium based), the granule blockade by bicuculline methiodide (10 mM). Glutamate receptor
cell input resistance and membrane capacitance are antagonists were not used because they increase the frequency of
occurrence of sIPSCs by an unknown mechanism (data not shown).2.3 6 1.1 GV and 3.1 6 1.5 pF, respectively, giving a
However, all cells that displayed residual synaptic currents in themembrane time constant of 6.7 ms (D'Angelo et al.,
presence of bicucullinewere excluded from analysis. Stimulus inten-1995). The peak conductance generated by GABA spill-
sity-response curves (Figure 4B) were used to establish minimalover would change this value to 4.3 ms. This change in
stimulation parameters (Stevens and Wang, 1994). These curves
time constant covers the lower part of the range of firing were generated from the peak of the fast rising eIPSCs (Figure 4A)
frequencies of mossy fibers (20±120 Hz; Lisberger and and should, therefore, represent the activation of a single axon that
is directly connected to the recorded cell and an unknown numberFuchs, 1978) and thus will likely be an important factor
of remote axon terminals.in setting the time window for input integration.
All drugs were purchased from Sigma except for QX-314, pur-Theoretical models suggest that cerebellar informa-
chased from Alomone labs, and SKF 89976-A which was a gift fromtion processing is optimized if there is sparse coding of
SmithKline Beecham Pharmaceuticals. Furosemide was used at a
information by the array of granule cells (Marr, 1969; concentration (100 mM) shown to be selective for the a6 versus the
Tyrrell and Wilshaw, 1992). This implies a relatively small a1 subunit of the GABAA receptor (Korpi et al., 1995) and below that
shown to affect Cl- transport (Misgeld et al., 1986). Drugs werefraction of granule cells being activeat anyone time, and
dissolved either directly into Ringer's or in DMSO (final DMSO con-hence a mechanism by which granule cell excitability
centration was 0.1%, which alone did not affect IPSC frequency,is dampened down as more granule cells fire action
amplitude, or kinetics; P , 0, n 5 7 cells).potentials. It is thought that the granule cell-Golgi cell-
granule cell inhibitory feedback loop provides such a
Calculationsmechanism (Marr, 1969; Tyrrell and Wilshaw, 1992).
In the rat, all known inhibitory inputs to granule cells are provided
Spillover may make a crucial contribution to this regula- by Golgi cells. Therefore, we assume that all eIPSCs are due to
tion of granule cell excitability, both by increasing the GABA release from the same type of terminal, but we suggest that
number of Golgi cells (and hence the size of the granule different terminals can generate fast or slow IPSC components de-
pending on whether they are immediately presynaptic to, or at somecell pool) feeding back information to inhibit a given
distance from, the recorded cell (referred to as direct or remotegranule cell, and also by utilizing the temporal filtering
terminals, respectively). We further assume that each Golgi terminalinherent in diffusion across the glomerulus to provide
has the same number of release sites (n), with the same probability
an inhibitory signal that lasts 2.5-fold longer than a con- of release (p), so that the probability of any one fiber failing is (1 2
ventional fast IPSC. p)n. The probability that there is no fast or no slow IPSC (because
all the direct or all the remote terminals fail) will then be F 5 [(1 2
Experimental Procedures p)n]d and S 5 [(1 2 p)n]r, respectively, where d and r are the number
of direct and remote terminals. Thus, the probability that both the
Preparation of Brain Slices slow and fast IPSCs will fail completely is T 5 FS 5 [(1 2 p)n]d1r. As
Patch-clamp recordings from visually identified granule cells in thin we know both the proportion of fast IPSC failure (F) and the propor-
(200 mm) parasagittal cerebellar slices obtained from Sprague-Daw- tion of total failures (T), we can rearrange the above equations to
ley rats were performed as previously described (Edwards et al., calculate the ratio of numbers of the two terminal types present:
1989; Rossi and Slater, 1993). Slices were obtained from animals r/d 5 (logT/logF) 2 1. We then use the number of steps in the
of either sex, age 12±15 days postnatal, and maintained at room stimulus intensity±response curve for the fast IPSC (Figure 4B) as
temperature (z238C) in an extracellular solution containing (in mM): the number of direct terminals, and use the calculated ratio of r/d
126 NaCl, 24 NaHCO3, 1 NaH2PO4, 2.5 KCl, 2.5 CaCl2, 10 D-glucose, to estimate the numberof remote terminals. At higher stimulus inten-
and 2 MgCl2 bubbled with 95% O2/5% CO2 (pH 7.4). In some experi- sities, a fast IPSC was often seen on all trials (because so many
ments, 35-day-old rats were used. For recording, slices were placed terminals are excited that the chance of them all failing becomes
in a submersion chamber on the stage of an upright microscope and negligible), and it is then impossible to do the calculation of terminal-
viewed with a Zeiss 403 (0.75 numerical aperture) water immersion type ratio. Consequently, the number of remote terminals could only
objective with Hoffman Contrast Optics. Kynurenic acid (1 mM) was be calculated at the highest step on the amplitude response curve
included in the dissection and incubation solution (to block gluta- that still exhibited fast IPSC failures, and so it is likely to be an
mate receptors in an attempt to reduce potential excitotoxic dam- underestimate.
age) but was omitted from the superfusion solution. When a diffusing substance is released at a point source into an
infinite volume, the time it takes to reach half of the peak concentra-
Patch-Clamp Recording and Synaptic Stimulation tion at a given distance can be described by the equation
Patch recording pipettes were constructed from thick-walled boro-
silicate glass capillaries (resistance 6±12 MV) and filled with an t1/2 5 r2/13.75X (1)
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as derived from Crank (1975, equation 3.5), where r is the radius of Clements, J.D. (1996). Transmitter timecourse in the synaptic cleft:
its role in central synaptic function. Trends Neurosci. 19, 163±171.a sphere and X is the diffusion coefficient divided by the tortuosity
of the diffusional path (see below for values used). Because the Crank, J. (1975) The Mathematics of Diffusion, 2nd Ed., (Oxford:
dose-response relationship of the GABAA receptor is exponential, Oxford University Press).
the use of the half rise time of the synaptic current as an indicator D'Angelo, E.D., DeFilippi, G., Rossi, P., and Taglietti, V. (1995). Syn-
of the time to half peak concentration of GABA will give an overesti- aptic excitation of individual rat cerebellar granule cells in situ: evi-
mate of the actual distance. dence for the role of NMDA receptors. J. Physiol. 484, 397±413.
At short distances, the extracellular space can be modeled (for
Ducic, I, Carnuncho, H.J., Zhu, W.J., Vicini, S., and Costa, E. (1995).
diffusion) as a two-dimensional disk of fixed thickness (Barbour and
g-aminobutyric acid gating Cl- channels in recombinant GABAA re-HaÈ usser, 1997). The concentration of GABA at different distances ceptors. J. Pharmacol. Exp. Ther. 272, 438±485.
and times after release is then given by
Edwards, F. (1995). Anatomy and electrophysiology of fast central
synapses lead to a structural model for long-term potentiation. Phys-C(r,t) 5 [V/(4pDTt)]exp[-r2/(4Dt)] (2)
iol. Rev. 75, 759±787.
where C, the transmitter concentration, is a function of time after Edwards, F.A., Konnerth, A., Sakmann, B., and Takahashi, T. (1989).
vesicular release, t, and distance from the release site, r (Crank, A thin slice preparation for patch clamp recording from neurones
1975; Barbour and HaÈ usser, 1997). V is the total amount of transmit- of the mammalian central nervous system. PfluÈ gers Arch. 414,
ter released and D is the diffusion coefficient (we used the value 600±612.
0.76 3 1029 m2/s as determined for glutamine; Longsworth, 1953). Edwards, F.A., Konnerth, A., and Sakmann, B. (1990). Quantal analy-
T is the thickness of the disk in which the molecules are diffusing sis of inhibitory synaptic transmission in the dentate gyrus of rat
(we used 20 nm; Barbour and HaÈusser, 1997). hippocampal slices: a patch-clamp study. J. Physiol. 430, 213±249.
At greater distances, the extracellular space is better represented Gabbiani, F., Midtgaard, J., and KnoÈ pfel, T. (1994). Synaptic integra-
as a three-dimensional porous medium for which the concentration tion in a model of cerebellar granule cells. J. Neurophysiol. 72,
is given by 999±1009.
C(r,t) 5 [V/8a{p(D/l2)t}3/2]exp[ 2 r2/{4(D/l2)t}] (3)
Hamann, M., and Rossi D.J. (1997). Different roles of neuronal and
glial GABA transporters in rat cerebellar slices. J. Physiol. 501, 13P.(Crank, 1975; Barbour and HaÈ usser, 1997), where a and l are the
HaÂ mori, J., and SzentaÂ gothai, J. (1966). Participation of golgi neuronvolume fraction and tortuosity of the extracellular space, respec-
processes in the cerebellar glomeruli: an electron microscope study.tively. We use the values a 5 0.21 and l 5 1.55 as determined by
Exp. Brain Res. 2, 35±48.Nicholson and Phillips (1981) for the cerebellum.
All data are expressed as the mean 6 SEM; statistical significance HaÂ mori, J. and Somogyi, J. (1983). Differentiation of cerebellar
was determined using a Student's t test (p) when the populations mossy fiber synapses in the rat: a quantitative electron microscope
seemed normally distributed (i.e., a distribution that was symmetri- study. J. Comp. Neurol. 220, 365±367.
cal about the mean and had variance less than the mean) and the HaÈ usser, M. and Clark, B.A. (1997) Tonic synaptic inhibition modu-
variance of each sample differed by less than a factor of 4. When lates neuronal output pattern and spatiotemporal synaptic integra-
this was not the case or when the sample size was too small to tion. Neuron 19, 665±678.
estimate normality (n 5 5±10), the nonparametric Wilcoxon matched Isaacson, J.S., SolõÂs, J.M., and Nicoll, R.A. (1993). Local and diffuse
pairs test (p value represented as Wp) was used. Differences were synaptic actions of GABA in the hippocampus. Neuron 10, 165±175.
considered significant when p # 0.05.
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